Mill-scale is a porous, hard and brittle coating of several distinct layers of iron oxides (predominantly Fe 3 O 4 ) formed during the fabrication of steel structures. It is magnetic in nature with iron content up to as high as 93%. About 1240 million metric tons of steel was produced in 2006 globally, 1.5 % of which by weight accounts for the mill-scale waste. Thus, 18.6 million metric ton of mill scale waste was produced in one year alone. Most of the steel mill-scale waste (almost 80%) end ups in a landfill; a small fraction of it is also used to make reinforced concrete in Russia and some Asian countries. A purer commercial form of this oxide in combination with nickel and zinc oxide is used in making ceramic magnets (soft ferrites) which are an integral part of all the audio-visual and telecommunication media on this planet as well those in the space. The mill-scale waste could be a valuable technological resource if properly processed and converted into nanoscale species, in particular nanoscale iron particles for hydrogen fuel cell, medical imaging and water remediation applications.
INTRODUCTION
Polymer Electrolyte Membrane (PEM) fuel cells require hydrogen of highest purity which is either difficult to come by, or comes at a premium price if one starts with fossil fuels. In the light of the serious economic constraints and safety concerns associated with hydrogen in the context of a truly global hydrogen economy, one needs to find innovative ways and means of generating, storing, transporting and supplying hydrogen to the end users. Interestingly, the question of its storage and supply arises only after it is produced in large enough quantity so as to cater to the need of its use on the national and global scale.
Metal-Steam-Reforming (MSR) using iron is a safe and economically viable method of hydrogen generation from inexpensive raw materials. The use of iron and iron waste for hydrogen generation via metal-steam reforming is known. For example, the reaction which occurs around 600ºC has long been known as one of the promising ways of generating H 2 [1] [2] [3] [4] [5] [6] [7] 
The reverse reaction could be viewed as a hydrogen storage scheme. The theoretical amount of hydrogen being produced/ stored is 4.8 wt% which corresponds to ca. 4211 L H 2 /L Fe at standard temperature and pressure. In a practically viable design, the elemental iron nanoparticles would be packaged into cartridges which are loaded on the vehicle. The somewhat endothermic nature of the reaction represented by Eq. (1) necessitates that the elemental iron cartridges be preheated. Addition of steam to the pre-heated cartridges produces pure humidified hydrogen which could then be supplied directly to PEM fuel cell on the vehicle. After the conversion of water into hydrogen, the cartridges with the spent iron oxide are exchanged for the new ones packed with fresh elemental iron. The spent iron oxide (magnetite) is again converted into ready-to-use active metal. Thus, the process of H 2 generation via MSR in an efficient and cyclic fashion consists of: (a) iron-steam reaction and, (b) reduction of the spent iron oxide into active elemental iron for the next cycle.
However, the task of making this seemingly simple process technologically viable and sustainable is challenging. Most importantly, the kinetic of metal oxidation (forward) and oxide reduction (reverse) as per equation (1) ought to be significantly improved, in order to mitigate sintering and coarsening of iron and iron oxide particles during repetitive hydrogen generation-oxide conversion cycles.
With this goal in mind, we have developed an effective technique of producing H 2 by using the socalled 'mill-scale' from steel industry, as an iron source, in a way that is consistent with the most sought-after criteria: environment, availability and price. An attractive and inexpensive source of iron is the waste from the steel industry in the form of magnetite, provided magnetite can be reduced to metallic iron. Mill-scale is a porous, hard and brittle coating of several distinct layers of iron oxides (predominantly Fe 3 O 4 , magnetite) formed during the fabrication of steel structures. Magnetite is magnetic in nature with a stoichiometric iron content of 77.7 wt. %. Depending upon the stripping method employed by the steel manufacturers, the weight percent of iron in the millscale varies widely between 65 to 93 wt. %. Prior to sale or use, the steel structures must be denuded of this oxide scale. Most of the steel mill-scale waste usually ends up in landfills. The currently known art, however, requires a great deal of energy in the practice of making iron from the steel industry waste, as it necessitates employing high temperatures.
From a kinetic perspective, it can be envisioned that all process parameters and experimental conditions remaining identical, the reaction involving nanoscale iron would possess and exhibit higher propensity of reaction with steam according to equation (1) than the micron-scale or coarser Fe derived via either of the high temperature processes, namely, hydrogen reduction or carbothermic reduction. Such processes are not efficient ways of producing iron from the oxide as they are energy-intensive. Moreover, the use of high temperatures results in the formation of coarse iron that is not as active or 'potent' and is unlikely to yield hydrogen as per the theoretical prediction owing to the limitation of gas-solid reaction via diffusion. In addition, one technique requires precious H 2 while the second process generates carbon dioxide gas (stoichiometrically, 2 moles for every 3 atoms of iron produced). Thus, the regeneration of elemental iron from the spent oxide via hydrogen reduction is unattractive in a commercial setting and makes the recovery of iron from steel waste more expensive than disposing such waste into a landfill. The carbothermic reduction, on the other hand, produces micron size iron particles by a high temperature energy intensive process, leading to CO 2 generation thus defeating the sustainability aspect.
Innovation in Materials Science
We have recently carried out a systematic and thorough investigation on steel waste material to establish the feasibility of hydrogen production and recycling of the oxide on a laboratory scale in the least energy intensive and most environmentally benign way [8] [9] . It was found that the millscale samples could be quantitatively (~100%) reduced to elemental iron, both via H 2 and carbothermic reduction, as has been demonstrated by others. However, with an objective to eliminate the use of high temperature and H 2 gas and, to mitigate the CO and/or CO 2 emission, solution-based techniques have been devised resulting in the formation of nanoscale elemental iron particles from mill-scale powder at or near room temperature. In the present work, details of novel solution-based reduction techniques whereby the mill-scale is converted into highly active nanoscale iron powder, is reported. The spent oxide after the metal-steam reaction (1) could also be quantitatively recycled to yield highly active nanoscale metallic iron again, without the loss of its reactivity; thus, the hydrogen generation capacity of the same material over several cycles is maintained. Moreover, the method totally obviates the issue of sintering and coarsening of the iron/iron oxide that is a direct result of high temperature use. Consequently, the possibility of deactivation during the cyclic operation of metal-steam reforming becomes a non-issue.
The methodology employed to obtain value-added high activity nanoscale ZeroValent Iron (nZVI) powder from the mill-scale waste, and its use to produce hydrogen via metal-steam reaction is also discussed in this paper. Also discussed is the feasibility of direct conversion of the solid waste into nanoscale iron powder without resorting to its dissolution in mineral acids prior to reduction by a solvothermal process using hydrazine as the reductant. Finally, since the MSR process is slightly endothermic and requires energy to initiate the process, and to make the scheme of hydrogen production attractive and viable economically on a large scale, a heat source alternative to conventional heating in a furnace was considered. A prototype solar concentrator was conceived and built with the goal to utilize it to concentrate the solar energy for achieving the required temperature (~600°C) and running the MSR reaction. The temperature profile of the prototype solar bowl was also established.
EXPERIMENTAL

Sample processing
Mill-scale samples were procured from three different vendors: North American Steel (Kentucky), Midrex (North Carolina) and Nucor-Yamato (Aakansas). The samples from North American Steel were labeled as pickled (NAS-P), sludge rinse (NAS-S) and entry loop (NAS-E) by the supplier, referring to the chemical treatments used for stripping the oxide layer from the steel structures. Samples from Midrex and Nucor-Yamato are hereafter referred to as MR and NY, respectively, for brevity. All the five mill-scale samples were ball-milled followed by attrition milling in 2-propanol and sieved through 325 mesh (average particle size≤ 45 µm) prior to any processing or characterization. Hydrogen reduction of the sieved mill-scale powders was carried out at 900°C for 8h using high purity dry H 2 at ~101 kPa. For the carbothermic reduction, the sieved mill-scale powders were mixed with activated carbon in the molar ratio of 1:3, pelletized with small amount of polyvinyl alcohol to aid compaction and heated at 1100°C for 4h, using nitrogen as a blanket gas. The carbothermic reaction can be represented as:
As mentioned earlier, regeneration of elemental iron from the spent oxide via hydrogen or carbothermic reduction is an energy-intensive process and hence undesirable in a commercial setting. To obviate these predicaments, solution-based procedures were developed. In a typical experiment, 6 g of the Midrex (MR) or Nucor-Yamato (NY) samples were first digested in 200 ml aqua regia. The undissolved non-magnetic impurities were removed by centrifugation and the clear yellow solution was made up to 250 ml with distilled water. In one case, this acid solution was treated with aqueous sodium borohydride (NaBH 4 , Alfa-Aesar) solution in the presence of sodium hydroxide as pH stabilizer [10] [11] [12] . This resulted in immediate formation of nanoscale iron particles (30 -40 nm) -a clear advantage over the agglomeration observed during hydrogen and carbothermic reduction.
Though the borohydride reduction of mill-scale waste to zerovalent nanoiron has distinct advantages, it is not an economically feasible option, as the reductant by itself is deemed hydrogen storage material and is quite expensive. Moreover, its aqueous solutions are rather unstable. Therefore, in a second method, iron nanoparticles were prepared by a simple solvothermal process using hydrazine monohydrate, which is a less expensive and more stable reducing agent [13] [14] .
Preliminary experiments were carried out with commercial FeCl 3 .6H 2 O (Alfa Aesar, ACS min 97%) in order to first establish and optimize the experimental conditions and procedural protocols for the mill-scale reduction. In a typical experiment, 4 g of FeCl 3 .6H 2 O were dissolved in 20 ml absolute ethanol. Sodium hydroxide pellets (5 g) were added and the mixture was stirred for 2h. To this, 15 ml of hydrazine monohydrate (99 % +, Alfa-Aesar) were added and the mixture was transferred to a 1-liter capacity stainless steel autoclave vessel (AutoClave Engineers, PA) whose internal wall was lined with zirconium metal to avoid corrosion under strongly alkaline conditions. The vessel was flushed with nitrogen to expel air and pressurized to about 5 atm. The autoclave was maintained at 100°C for 10h and then naturally cooled to room temperature. The product was centrifuged several times with water and ethanol to remove the impurities. The size of the final particles was found to fall in two regimes: 30-40 nm and 300-450 nm. This is in conformity to the results reported earlier [13] .
Reduction of the mill-scale powder dissolved in acid followed a similar procedure except that 10 ml of mill-scale (30.5 g mill-scale/1000 ml acid solution) were added to the highly alkaline solution (pH>10) and 20 ml of hydrazine monohydrate were used. In this case, the size of the iron nanocrystals decreased to 5 nm.
For a scaled up production of zerovalent nanoiron, 33 ml of the mill-scale acid solution (equivalent to 1g mill-scale) were used. The autoclave reduction runs with hydrazine conducted at 5 and at 10 atm. pressures yielded black magnetic particles which were found to be magnetite (Fe 3 O 4 ) rather than the expected metallic iron phase, based on the X-Ray Diffraction (XRD) results. Therefore, the method was slightly modified where the mill-scale solution was reacted with sodium hydroxide to precipitate Fe(OH) 3 first, followed by centrifuging and vacuum drying. In yet larger batch conversions, it was also required to increase the pressure from 10 atm to about 50 atm along with the amount of hydrazine monohydrate in order to scale up the nano iron batch from ~0.25 to 4 g. In this procedure, 130 ml of the mill-scale solution was precipitated with sodium hydroxide and the precipitate centrifuged and vacuum dried at 60 o C for 8 h followed by solvothermal reduction with 150 ml hydrazine monohydrate and at 50 atm initial N 2 pressure. This produced 4 g of nZVI. The autoclave temperature was maintained at 100°C in all the runs.
When a relatively large batch was used (33 ml of the mill-scale acid solution, equivalent to 1g millscale), the autoclave reduction runs with hydrazine conducted at 5 and at 10 atm pressures yielded black magnetic particles. They were found to be magnetite (Fe 3 O 4 ) rather than the expected metallic iron phase, based on the XRD results. Therefore, the method was slightly modified where the millscale waste (only sieved through 325 mesh) was directly reduced solvothermally eliminating the sluggish and expensive acid digestion process.
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Metal-steam reforming reaction
Metal-steam reforming experiments were carried out in a cylindrical quartz reactor (OD = 1-in.; ID = 0.78-in.) at 600°C in a Lindberg/Blue (NC) tubular furnace with a PID controller. Helium was used as an inert background during the temperature ramp. After the nano-zerovalent-iron sample attained the desired temperature, a 50:50 v/v mixture of steam (water preheated to 400°C) and He was introduced into the reactor at ambient pressure. The reaction was allowed to run until no hydrogen signal was detected in the exhaust stream. The effluent gas was analyzed using a Shimadzu gas chromatograph (GC-2010) equipped with a Pulsed Discharge Helium Ionization Detector (PDHID-Model-D-4-I-SH17-R) using He as the carrier gas.
Characterization
Chemical analysis of the as-received mill scale samples was done by X-ray fluorescence (XRF) technique. The X-ray powder diffraction patterns on the raw, reduced and post-MSR samples were collected at room temperature on a Philips diffractometer (PW 3050/60 X'pert Pro), using monochromatic CuKα1 radiations (λ = 1.54056 Å) and Ni filter. Morphology of the samples before and after reduction and steam reforming were examined by a Philips scanning electron microscope (XL30 FEG). The morphology and crystal structure of the nanoscale iron particles were studied by transmission electron microscopy (JEOL 3010) operated at 300 kV equipped with selected area electron diffraction (SAED) and the energy dispersive spectroscope (EDS). The samples for TEM analyses were prepared by ultrasonicating a very dilute suspension of the nano zero valent iron (nZVI) particles in acetone for 5 minutes followed by placing a drop onto a copper TEM grid and drying by evaporation in ambient air. Hydrogen yield in the MSR reaction was quantified by a Shimadzu GC-2010 unit fitted with a molecular sieve 5A PLOT capillary column (30 m x 0.32 mm) and a Pulsed Discharge Helium Ionization Detector (PDHID) detector. Class-VP software was used for the peak analysis and quantification.
RESULTS AND DISCUSSION
High temperature mill-scale reduction Table I shows the XRF analyses of the as-received mill-scale samples from various vendors. As can be seen, two of the three NAS samples were predominantly rich in Cr (52 to 67% by weight), while the third sample contained about 18% Cr and 8% Ni by weight. On the other hand, MR and NY samples contained 92-94 wt% Fe and no significant Cr or Ni. The presence of chromium in significant amounts has serious implications on the environmental aspects of the process.
Hence, if the NAS samples were to be used for the H 2 production, one has to isolate Fe which means disposing nickel and hexavalent chromium, the latter being a known health hazard in water system. Since Ni and Cr-ferrites (seen in the XRD patterns of the as-received mill-scale specimen from NAS, but not shown here) are difficult to break down, preliminary reduction experiments failed to generate elemental iron quantitatively from NAS samples, as revealed by XRD patterns and corroborated by thermogravimetric experiments. Hence, the NAS series was abandoned in further studies. Table I . XRF analyses of the mill-scale samples used in this study.
On the other hand, both hydrogen and carbothermic reduction of MR and NY mill scale samples resulted in complete conversion into elemental iron. Gravimetric analyses of the samples before and after reduction yielded an average weight loss of 27.5 wt% (hydrogen reduction) and 27 wt% (carbothermic reduction) for the MR and NY samples, respectively; this agrees very well with the theoretical value of 27.64 % weight loss for the reduction of Fe 3 O 4 to Fe. The morphology of the mill-scales before and after hydrogen reduction is compared in Fig. 1 , while the microstructural features of the MR and NY samples after carbothermic reduction are shown in Fig. 2 . 
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Sodium borohydride-based reduction of the mill-scale Figure 3a and 3b shows the morphology of the iron particles derived by using sodium borohydride (NBH) aqueous solution from the Midrex and Nucor-Yamato samples, respectively. The TEM images and the EDS spectrum of the nanoscale iron particles derived from acidic solution of Midrex samples are shown in Fig. 4 and 5, respectively; Cu and Mo traces in the EDS originate from the Cu-Mo grid used for the TEM imaging. The broad diffraction peak shown in Fig. 6 belongs to the most strong <110> reflection of elemental iron (fcc) which further demonstrates the formation of nanoscale iron; the crystallite size calculated from the Scherrer equation [15] , is ~26 nm. 
Hydrazine-based reduction of the mill-scale
The solvothermal process using hydrazine as the reducing agent described by Xiaomin et al. [13] for the one-step synthesis of nanoscale iron was also used by Li et al. [14] for nickel. It has been found that the use of hydrazine as a reductant is particularly advantageous as it leads to the complete reduction of Ni 2+ ions in solution to Ni 0 , as compared to the formation of Ni-B, Ni 2 B or Key Engineering Materials Vol. 380
Ni 3 B or Ni-P nanoparticles with sodium borohydride or hypophosphate [14, 16] . In the context of the present work, use of hydrazine provides the following additional and relevant advantages:
1. precise control of size ( subject to processing conditions) and shape of nanoparticles, 2. the ultimate chemical state is zerovalent metallic species, not intermetallic species, 3 . the process is greener as no noxious fumes or chemicals are emitted whose disposal could pose a challenge of problem; the only byproduct is nitrogen as the hydrogen is utilized in the reduction scheme, 4. the process is less energy-consuming because the reaction is carried out in an autoclave (closed system) under moderately high pressure and mild temperature, and, 5. hydrazine is chemically more stable and cheaper, compared to sodium borohydride, and, the process can be scaled up easily for large-scale production.
The phase composition of the product was characterized by XRD and a typical pattern of the sample obtained using 10 ml of the mill-scale solution at 5 atm. N 2 pressure is shown in Fig. 7 . The most prominent diffraction peaks at 2θ = 44.69, 65.03 and 82.3 could again be indexed as those corresponding to the <110>, <200> and <211> planes, respectively, of the phase pure α-Fe (bcc); no iron oxides or hydroxides were detected. The strong and sharp peaks revealed that the iron powder synthesized via hydrazine reduction under solvothermal conditions was highly crystalline. .The average size of the nZVI is around 5 nm; this is very significant from point of view of hydrogen generation via metalsteam reforming as smaller particle size means larger surface area which in turn means higher activity for the desired reaction (as is evident from the hydrogen generation plots shown later). Moreover, the particles crystallize in the inherent cubic motif. Thus, clearly, the steel industry's mill-scale waste is a viable source of high quality nZVI for the generation of high purity hydrogen in a green way for PEM Fuel Cells.
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Single-step direct reduction of the mill-scale
The scheme of reducing mill-scale waste into nanoscale iron described hitherto entails bringing the solid into solution by acid dissolution -a step that is somewhat slow and will have appreciable impact on the overall scale-up scheme. This critical step (in addition to the use of expensive and corrosive acids) could be eliminated by resorting to the direct one-step reduction process for the mill-scale waste. With this goal, in a typical experiment, 10g of the mill-scale waste from Midrex was ball-milled and sieved through 325 mesh. It was mixed with 10g NaOH dissolved in 50 ml ethanol and 50 ml hydrazine monohydrate to form a slurry whose pH was maintained at 10.5. The solid magnetite waste was eventually reduced to nZVI in an autoclave at 60 atm. initial N 2 pressure for 10 h at 100°C. Figure 9 shows the SEM images (with inserted TEMs) of the nZVI obtained by the direct conversion of the solid waste. The XRD pattern conforms to that of bcc α-Fe shown in Fig 7 and hence is not reproduced again.
In order to optimize the conditions for the production and scale-up of the nZVI from the mill-scale waste, the solvothermal processing was conducted in a broad domain of experimental duration and the incumbent pressure. The results are summarized in Figs. 10 and 11. Figure 10 shows the X-ray diffraction patterns of the product obtained after various dwell times during reduction. For reaction time between 1 to 2 h, the product is a mixture of Fe and Fe 3 O 4 . When the reaction time is increased to 3 h and above, complete conversion to nZVI is realized. The effect of pressure on the reaction dominance is shown in Fig. 11 .
Hence it can be inferred that for a 5 g batch conversion, the threshold reaction time is less than 3h and the threshold pressure is ~90 atm. 
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Metal-steam reforming results Figure 12 compares the hydrogen yield from metal-steam reforming reaction carried out at 600 o C by using elemental iron obtained via a number of reduction techniques employed in this work: namely, using hydrogen, carbothermic, sodium borohydride and, hydrazine. For a ready appreciation of the relative propensity of various iron samples for hydrogen generation via metal steam reforming reaction vis-à-vis the schemes employed for their recovery from the mill-scale waste, representative microstructural features are also included.
Fig. 12. Comparison of hydrogen yield from MSR reaction at 600
o C and the mode of hydrogen release using iron from mill-scale after reduction by hydrogen and carbothermic (hi-temp) and, borohydride and hydrazine (lo-temp).
The correlation between the particle size and kinetic profile of hydrogen generation is quite evident. Even though the amount of hydrogen generated per gram of iron sample (given by the area under the respective curve) is nearly the same within the precision limits of such measurements by gas chromatography, the mode of hydrogen generation is very characteristic of the morphological features of the iron used.
For instance, the fastest hydrogen release kinetics were observed with the cubic 5 nm nZVI derived from solvothermal hydrazine reduction route, followed by those with 40 nm nZVI particles obtained via sodium borohydride reduction at room temperature. In both these cases, about 90% of hydrogen was released within the first 10-15 minutes of the MSR initiation. In comparison, the effect of larger grain size (micro versus nano) of iron particles derived via high temperature hydrogen and carbothermic reduction techniques is reflected in the slower and more sluggish kinetics; in both the
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cases, hydrogen generation is seen to continue even after about 2 h of initiation. However, irrespective of the technique employed to generate iron from the mill-scale waste, near stoichiometric amount of hydrogen is obtained in each case. In the case of solution route, in particular, the methodology is very attractive, as the magnetite formed after the steam reforming can be recycled to generate fresh batch of active nanoiron particles for subsequent MSR cycles again.
The SEM images of the sodium borohydride (NBH)-derived nZVI powder before and after the MSR reaction (at 600°C) are shown in Fig. 13 . The TEM and high resolution TEM images of the post-MSR NBH-derived nZVI powder, are shown in Fig. 14a and 14b , respectively. Slight increase in the particle size due possibly to the conversion of iron (bcc) into magnetite (spinel) and some sintering could be seen. The XRD pattern of the post-reformed sample is shown in Fig. 14c , which conforms to that of magnetite, Fe 3 O 4 (ICDD 79-0418). 
Kinetics study of the metal-steam reforming reaction
Assuming that the metal-steam reforming reaction is not diffusion-controlled, as steam will have instant access to the entire solid surface of the nanoscale iron particles, it could be viewed as a surface-controlled one. Thus, the reactor could be modeled to the one approximating catalyst deactivation due to poisoning; in the present case, this is a valid assumption since the consumption of the active iron surface by steam leads to the formation of inactive iron oxide (akin to deactivation), releasing hydrogen. The deactivation rate, r d (which happens to be the overall reaction rate in this case) is given by: Since steam is in large excess, its concentration can be assumed to be constant throughout the reaction. Hence,
Assuming first order kinetics for this process, we can write:
, which upon integration, yields:
The normalized experimental data (hydrogen generation rate, a) presented in Fig.12 is plotted as a function of time (-ln a vs. time), whose slope gives the reaction rate constant. The values of k determined for the MSR process, using elemental iron derived from different reduction techniques employed in this work, are summarized below. In the absence of experimental data at more than one temperature (600°C), the activation energy for the MSR process was estimated using the standard thermodynamic data and by invoking the collision theory concept. For a pseudo first order reaction, the pre-exponential factor A is given by: , and substituting the value of the pre-exponential factor A, and the reaction rates in the above equation, the activation energies are computed and are found to be, 413.71, 410.44, 405.05 and 397.60 kJ/mol for the production of iron via hydrogen, carbothermic, sodium borohydride and the hydrazine-based solvothermal reduction, respectively. As can be clearly seen, the effect of particle size is reflected more pronouncedly in the values of reaction rate constant (differing by an order of magnitude), than the activation energy whose value remains practically identical. It should, however, be pointed out that this is simply fortuitous as the MSR reaction has so far been conducted at a solitary temperature of 600°C.
Fabrication, evaluation and interfacing of the prototype solar concentrator
As stated earlier, the MSR process is slightly endothermic and hence requires energy to initiate the process. In order to make the scheme of hydrogen production attractive and viable economically on a large scale, a heat source alternative to conventional heating in a furnace must be sought. One such source could be the solar energy. A prototype design of a solar concentrator was conceived with an aim to utilize this design to concentrate the solar energy to achieve the required temperature (600°C) for running the MSR reaction. The prototype solar concentrator comprised a convex polyacrylic sheet, 46.5-in. in diameter and 36-in. in focal length, coated with an aluminum reflective layer, constructed by Replex Plastics Inc., Mount Vernon, OH. The unit was fitted with additional mounts and fittings at the University of Toledo to enable capturing the sun rays at different angles during different times of the day. A reactor support consisting of a stainless steel tube of 1.25-in diameter was secured centrally at a height of about 36-in. (in the vicinity of the focal point of the concentrator) above the dish. A quartz tube with 1-in outer diameter was used as the reactor in which the charge of nZVI could be loaded for metal-steam reforming. The set-up is shown in Fig. 15 . Real-time temperature measurements were carried out with this set-up on different days and different times of the day and the results are summarized in Fig. 16 . As can be seen, the maximum temperature attained at the center of the concentrator, in the period from noon to mid afternoon was as high as 1310°C (Fig. 16a) . Figure 16b shows the dependence of the temperature attainable with the angular movement of the dish to a location so as to optimize the maximum solar capture. When the concentrator was kept at an angle for maximum temperature at the center of the collector and left undisturbed, the temperature dropped drastically to the ambient in less than 30 min (Fig. 16c) . As demonstrated in the previous section, MSR can be effectively carried out at 600°C and a temperature as high as 1300°C is not required. Therefore, studies were made to attain a nominal temperature of around 600°C by reducing the effective 'exposed' diameter of the dish by masking the periphery with black paper. It was found that with an effective circular opening of about 30-in. and 18-in., a temperature of about 1157°C and 820°C, respectively, was attained, as seen from the meter reading in Fig. 17 . Therefore an 18-in (or smaller) concentrator would be adequate for the MSR reaction.
A design for the actual reforming reaction using the solar concentrator as the heat source has been arrived at and built. A tightly coiled 1/16 in. diameter stainless steel tube is fitted into the quartz tube with rubber stoppers at the ends. Water pumped through the coil is preheated by capturing the solar heat in the cooler section of the reactor and generates steam. Helium is used as the blanket gas to avoid oxidation of nZVI located in the zone of concentrated solar heat prior to the MSR reaction. The product (humidified hydrogen) is led either into a gas chromatograph (GC) for product identification or into a 3W 4-cell PEM fuel cell stack. Figure 18 shows the schematic of the proposed solar powered-MSR interface. The results of the hydrogen generation studies using this solar concentrator-nZVI interface will be reported in a future communication.
COMMERCIAL APPLICATIONS OF nZVI
Although the reduction techniques employed in this work (viz., aqueous sodium borohydride and solvothermal hydrazine) have the advantages of producing highly active nanoscale iron, they are economically inferior for the generation of hydrogen due to high costs of the reducing agents. This is mainly because the manufacturing of the reducing agents by itself involves hydrogen or hydrogen containing sources as raw materials. In addition, the operating costs (acid digestion for the NBH route and the high pressure need in the autoclave for hydrazine route) make the process less appealing. Future direction with regard to using the vast reserves of mill-scale waste around the world could essentially have merit in the search of a hydrogen-independent reductant that can reduce Fe 3+ to nZVI at low cost making the process economically viable. Nevertheless, a unique combination of mill-scale waste as iron source, hydrazine as the reductant, mild process conditions for nZVI generation and solar energy as the impetus for actuating MSR, obviates several drawbacks plaguing the grand scheme of producing and delivering pure and humidified H 2 to a low-key lowpower PEM Fuel Cell stack.
However, a different and more promising technological scenario emerges with attractive economic incentives, if conversion of mill-scale into nZVI alone via solution route is considered. To amplify this point, let us take the example of making 10g batch of nZVI using solvothermal process and hydrazine as the reductant. As was demonstrated above, in this case the process parameters can be conveniently tweaked to produce either of the following: pure and predominantly nZVI alone; pure and predominantly nanomagnetite alone, or a mixture of nZVI and nano-magnetite phases.
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Apart from the application of nano iron in MSR reaction to produce hydrogen discussed here, recent studies have shown a great number of applications for nanscale iron as well as magnetite among which arsenic, perchlorate and hexavalent chromium removal from drinking water sources and contrasting agents for magnetic resonance imaging (MRI) deserve mention.
Nanoscale iron particles refer to iron with particle size and structures, typically in the range of 1 to 100 nm. Recent research has shown that many of the nano materials' properties depend on particle size in the nanoscale regime [17] . Moreover, the structure of nanomaterials also results in novel and significant changes in physical and chemical properties; for example, coercive force in magnetic materials can be changed, surface reactivity and catalytic capability can be amplified, and mechanical strengths can be increased by a factor of five or more [18] [19] [20] [21] [22] [23] . Among structural issues, the surface effects of nanoparticles are extremely important. For example, the surface chemistry of crystallites brought down to the nanoscale range can differ from micron-scale particles and their unique reaction chemistry can be observed. Also, their huge specific surface area allows nanoparticles to be considered as surface-produced on the macroscale, thus affecting their bulk properties. For certain spherical nanoparticles in the range of 3 nm, about 50% of the atoms or ions are on the surface, allowing both the possibility of manipulating of bulk properties by surface effects and near-stoichiometric chemical reactions [17] . A 3 nanometer (nm) particle of cadmium selenide shines green, but emits red when its size increases to a little more than 5 nm. Magnetite, changes its magnetic property when its size is reduced to below 15 nm, its magnetic properties become more pronounced, and it becomes superparamagnetic. Some concluding remarks are made below on the applications that exploit such small size aspects on iron and magnetite.
Environmental Applications
Nanoscale iron materials are proving to be remarkably effective tools for cleaning up contaminated soil and groundwater. Because of their smaller size, they are much more reactive than conventional bulk powders, and they can be suspended in slurry and pumped straight to the contaminated site easily. Elemental iron itself has no known toxic effect, giving cognizance to the fact that it is one of the most abundant metals on earth.
Arsenic Removal
The water quality is negatively and severely affected by the presence of arsenic in ground water. Severe poisoning can arise from the ingestion of as little as 100mg of arsenic trioxide. Chronic effects may result from the accumulation of arsenic compounds in the body; at low intake levels it causes skin lesions, affects the stomach, liver, lung, kidney, and blood. It also combines with proteins and enzymes, deactivating them and thus causing slow metabolic disorders. By drinking arsenic-infested water, more than 30,000 people die every year in Bangladesh alone. Arsenite (As 3+ ) is many times more toxic than arsenate (As Among several alternatives for arsenic sorption and removal from water, zero valent iron and its hydrated forms have shown significant propensity of remediation [24] [25] [26] [27] [28] . Some recent research indicates that magnetite (Fe 3 O 4 ) is also effective in arsenic removal from water. Nguyen et al. [29] evaluated three technologies for arsenic removal. Results from batch kinetic experiments showed that more than 90% of arsenic can be removed using iron coated sand from synthetic water. Iron coated sponge has been found to have a high capacity in removing both As (V) and As (III); 1 g of Iron coated sponge adsorbed about 160 g (160 ppb) of arsenic in a 9-hour contact period with the contaminated solution. It has been found that, in the presence of competing anions such as SiO 4 2− , HCO 3 − , or PO 4 3− , the amount of nZVI needed to remove As is far greater, since the As uptake is interfered and retarded by these anions. Dixit and Hering [30] have shown that both As (III) and As (V) adsorb strongly onto nanoscale iron oxide; the adsorption however, depends on the oxidation state arsenic (III or V), experimental conditions, and the history and crystallinity of iron oxide. As mentioned above, phosphate strongly adsorbs onto iron oxide particles and competes with As for active surface sites. Hence, in the presence of phosphate, the fraction of As adsorbed to iron oxide particles is reduced substantially. Recently, Rice University research group has used 16nm magnetite particles and magnetic decantation to remove arsenic from water [31] and Sandia National Laboratories established an "in-tank filtration" in Albuquerque to effectively remove arsenic from drinking water. Preliminary experiments conducted at the Lawrence Berkeley National Laboratory with our NBH-derived nZVI particles from the mill-scale waste, showed that 497 ppb out of 500 ppb arsenic in water could be removed by ~1 g of nZVI by stirring for 50 minutes.
Perchlorate Removal
Over the past few years, perchlorate has emerged as a high profile contaminant in the USA and has consequently received considerable regulatory attention [32] [33] [34] [35] . Perchlorate has been detected in both ground and surface water. For example, high levels of perchlorate (>100 ppb) have been found in Nevada's Lake Mead, a major drinking water source [29] . Although the precise magnitude of the problem remains unknown, estimates indicate that perchlorate has impacted the drinking water supplies of about 15 million residents in several western states including California, Arizona, Nevada, and Utah [19] . Linked to potentially serious thyroid and blood and kidney disorders, a recent draft toxicological report from the USEPA suggests a revised reference dose (RfD) of 0.00003 mg of perchlorate per kilogram of body weight per day (mg/kg/day). If converted to a drinking water standard, this yields a permissible concentration on the order of 1 ppb. Consequently perchlorate has been added to the Federal Contaminant Candidate List (CCL) under the Safe Drinking Water Act (SDWA) by the US EPA in 1998.
Perchlorate anion (ClO 4 -) in aqueous solutions is generally non-reactive and exhibits little tendency to serve as a ligand in complexes [36] . From a thermodynamic perspective, perchlorate is a strong oxidant as evidenced by its relatively high standard electrode potential: 
However, there are few reports on the removal of aqueous perchlorate by iron [37] [38] [39] [40] [41] . Zhong et al. [42] have reported perchlorate removal in fresh and saline water by stabilized nZVI particles in the temperature range of 25-110°C, temperature playing a critical role in the perchlorate degradation reaction. The results revealed that nearly 100% perchlorate was converted to chloride without any detectable intermediate products such as ClO 3 -, ClO 2 -and suggested that the step ClO 4 -to ClO 3 -was the rate-limiting step for perchlorate reduction.
Gurol et al. [43] investigated the feasibility of ClO 4 -removal from water by two methods. First, the ClO 4 -ions were exposed to UV light in the presence of and metallic Fe under anaerobic conditions;
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ClO 4 -was reduced to Cl -(> 99%) and ClO 3 -(< 1%). It is believed that ClO 4 -ion is adsorbed on the surface of Fe and undergoes an electron transfer process mediated by the UV excitation. In the second case, ClO 4 -ions were brought in contact with iron or iron oxide mineral (goethite) in the presence of H 3 PO 4 . Under highly acid condition (pH 2-2.5), ClO 4 -is removed almost completely, via the formation of a complex between ClO 4 -and H 3 PO 4 which is adsorbed at the iron or goethite surface.
Cao et al. [44] reported the complete reduction of perchlorate to chloride by nZVI particles over a wide concentration range; the nZVI particles were also shown to reduce chlorate (ClO 3 -), chlorite (ClO 2 ) and hypochlorite (ClO -) species to chloride ions. Increase in temperature had a benign effect on the rate of perchlorate removal reaction. It was also claimed that µZVI particles did not cause any reduction under identical conditions. Metallic iron oxidizes in the presence of organic contaminants, such as trichloroethane (TCA), trichloroethene (TCE), tetrachloroethene (PCE), or carbon tetrachloride, whilst breaking down these organic components into simple carbon compounds that are less toxic [45] . Moreover, oxidizing iron can reduce heavy metals such as lead, nickel, or mercury to an insoluble form that tends to stay locked in soil. In addition, the zero valent iron (ZVI) nanoparticles are also relevant as key catalyst in the synthesis of carbon nanotubes that are being considered for a host of applications ranging from hydrogen storage devices to sensors to high strength polymer nanocomposite, owing to their unique hollow structures and exceptional electrical and mechanical attributes.
Biomedical applications -magnetic resonance imaging (MRI)
Superparamagnetic nanoparticles offer a high potential for several biomedical applications [46] [47] [48] [49] such as: (a) cellular therapy such as cell labelling, targeting and as a tool for cell-biology research to separate and purify cell populations, (b) tissue repair, (c) drug delivery, (d) magnetic resonance imaging (MRI), (e) hyperthermia, and, (f) magnetofection, etc. In the past decade, nanotechnology has developed to such an extent that it has become possible to fabricate, characterize and specially tailor the functional properties of nanoparticles for biomedical applications and diagnostics [50] [51] [52] [53] .
Magnetic resonance imaging (MRI) is a technique used primarily in medical settings to produce high quality images of the inside of the human body. MRI is based on the principles of nuclear magnetic resonance (NMR), a spectroscopic technique used by scientists to obtain microscopic chemical and physical information about molecules. The application of small iron oxide particles in in vitro diagnostics has been practiced for nearly 40 years [126] . Increased investigations with several types of iron oxides have been carried out in the field of nanosized magnetic particles (mostly maghemite, γ-Fe 2 O 3 , or magnetite, Fe 3 O 4 , single domains of about 5-20 nm in diameter), among which magnetite is a very promising candidate since its biocompatibility has already been proven [55] . The superparamagnetic particles made of iron oxide strongly influence T1 relaxation and T2 relaxation, the latter depending strongly on the size and coating of the particles [56] .
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